Background--Increased left ventricular (LV) mass is characterized by increased myocardial wall thickness and/or ventricular dilatation that is associated with worse outcomes. We aim to comprehensively compare sex-stratified associations between measures of LV remodeling and increasing LV mass in the general population.
I ncreased left ventricular (LV) mass is a well-established predictor of incident cardiovascular disease and deaths. 1 The pathological process of increased LV mass is characterized by increased myocardial wall thickness and/or ventricular dilatation that is associated with adverse consequences of myocardial fibrosis and cardiac dysfunction. 2 Sex has a profound impact on LV remodeling in health and disease. Previous studies had examined sex-related differences in cardiac remodeling in specific cardiovascular conditions, such as hypertension and aortic valve disease. [3] [4] [5] In the general population, sex-related differences in cardiac remodeling have not been well defined.
Recent development in cardiovascular magnetic resonance (CMR) has advanced our ability to detect regional geometric changes and wall stress using 3-dimensional (3D) machine learning phenotyping. 6, 7 The aim of the study is to compare the sex-stratified associations between measures of LV remodeling and mass in the general population.
Methods
The data that support the findings of the study are available from the corresponding author upon reasonable request.
Study Population
This study consisted of adults (>18 years) who were prospectively recruited in the National Heart Center Singapore Biobank to examine health and cardiovascular risk in the general population. Individuals with either established cardiovascular conditions (heart failure, atrial fibrillation, ischemic heart and/ or strokes) or abnormal CMR (moderate to severe valvular abnormalities, cardiomyopathies, myocardial infarction, and/ or regional wall motion abnormalities) were excluded. Informed consent was obtained from all participants. The study was approved by the institutional review board.
CMR Imaging and Analysis
CMR (Siemens Aera 1.5 T; Siemens Healthineers, Erlangen, Germany) was performed in all participants. Balanced steadystate free precision cine images were acquired in the long axis (2-, 3-, and 4-chamber) planes and right ventricular (RV) longaxis view aligned with the tricuspid inflow and RV outflow tract. Short-axis cines extending from the atrioventricular ring to the apex covered the entire left and right ventricles (acquired voxel size: 1.691.398.0-mm slice thickness; 2-mm gap; 30 phases per cardiac cycle). In those who consented to gadolinium administration, myocardial fibrosis was assessed using late gadolinium-enhanced imaging and myocardial T1 mapping. Late gadolinium-enhanced imaging was performed %8 minutes after administration of 0.1 mmol/kg of gadobutrol (Gadovist; Bayer Pharma AG, Germany). An inversionrecovery fast gradient echo sequence was used; and the inversion time was optimized to achieve appropriate nulling of the myocardium. Myocardial T1 mapping based on the Modified Look-Locker inversion-recovery sequence was used to assess diffuse myocardial fibrosis. Extracellular volume fraction (ECV) was estimated from the native and 15-minute postcontrast T1 map, analyzed using the T1 mapping module (CVI42, Circle Cardiovascular Imaging, Calgary, Canada).
LV measures of geometry and function (volumes, wall thickness, ejection fraction, myocardial mass, and multidirectional myocardial strain) were analyzed using CVI42 (Circle Cardiovascular Imaging) at our NHRIS CMR Core Laboratory, according to standardized analysis protocols. [8] [9] [10] Volumes in the interstitial and myocyte compartments were estimated from the product of myocardial volume (LV mass/1.05 g/mL) and ECV or [100ÀECV], respectively.
Regional myocardial remodeling was assessed using an atlas-based approach as previously described. 6 A fully automated machine learning segmentation algorithm 11 comprising cine images of 100 participants from the local cohort was used (Tensorflow r1.13, Google Brain, Mountain View, CA; https:// github.com/UK-Digital-Heart-Project/4Dsegment), complementing the reference atlas from the UK Digital Heart Project. The final segmentations of all the participants in the study were subsequently co-registered to an average template surface mesh. This makes the data anatomically consistent between each individual and provides a smooth interpolation of cardiac shape.
Wall thickness was calculated at over >40 000 points at end-diastole, measured as the distance between the endoand epicardial surfaces perpendicular to a midwall plane. Regional concentric remodeling was defined as chamber volume reduction because of inward displacement of the endocardium. Conversely, regional eccentric remodeling was defined as cavity dilatation because of outward endocardial expansion. Regional wall stress was determined at each point in the LV from the 3D Gaussian radius of curvature, wall thickness, and peripheral systolic blood pressure, measured before CMR. 7
Statistical Analysis
MeanAESD or median (interquartile range) was used to present continuous variables, and percentages for categorical data. Comparison of continuous data was performed using either parametric Student t test or nonparametric Mann-Whitney U test, and v 2 test for categorical data. In the sex-stratified associations between global measures of LV remodeling and mass, the forward selection multiple linear regression was used to adjust for the effects of clinically important confounders: age, systolic blood pressure, height, and weight. Statistical analyses were performed using GraphPad Prism Version 8 (GraphPad Software, Inc, San Diego) and SPSS Version 24 (IBM Corp., Armonk, NY).
The association between 3D phenotypic parameters (wall thickness and wall stress) and mass was assessed using sexspecific regression models, adjusted for the same confounders. The regression modeling applied threshold-free cluster enhancement and permutation to derive P values associated with each
Clinical Perspective
What Is New?
• Progressive increase in left ventricular (LV) mass was associated with increased concentricity, to a greater extent in females than males. • Compared with males, females had higher regional wall stress (corresponded to regions of increased concentricity) and increased extracellular volume fraction despite smaller LV mass, lower blood pressures, and higher LV ejection fraction.
What Are the Clinical Implications?
• These findings may explain why females are predisposed to cardiovascular complications, particularly when LV pressures are increased. regression coefficient following adjustment to control for false discovery rate. 12 Regions where association between 3D phenotypes and mass was significant (P<0.05) were reported as a percentage of the total LV surface. 12 Sex-related differences in concentricity and wall stress relative to mass were expressed as the ratio of the standardized beta coefficients between males and females. Statistical analyses were performed on RStudio version 1.1.463 (Boston, MA).
Results
Data from 1005 participants (57% males; 53AE13 years) were analyzed (Table) . Age and proportions of participants with cardiovascular risk factors were similar in both sexes (P>0.50 for all), except higher blood pressures and larger body sizes in males (Table) . Most participants (79%) did not have left ventricular hypertrophy on CMR, using Asian thresholds. 8 Of the 728 participants (72%) with gadolinium-enhanced imaging, 14.6% had nonischemic fibrosis: the proportions were similar in either sex (P=0.182; Table) .
Sex-Related Differences in Global Left Ventricle Geometry and Function
An increase in LV mass was associated with increased concentricity, wall thickness, and LV end-diastolic volumes ( Figure 1) . In females, a steeper increase in concentricity (P=0.014 for difference in regression slopes) and wall thickness (P=0.010) with increasing mass was observed. Furthermore, females had smaller LV end-diastolic volumes than males. Although the progressive increase in mass was associated with reduced LVEF and strain in both sexes, LV function was higher in females (Figure 1) . Despite a significantly lower LV mass, females had higher ECV compared with males. Similar findings were observed with native myocardial T1 values and interstitial:myocyte ratio. For the same myocyte volume, females had higher interstitial volume compared with males (Table; Figure 2 ).
Sex-Related Differences in Regional Concentricity and Wall Stress
The intraclass correlation between manual and atlas-based measures was 0.97 for LV end-diastolic volumes and mass. 3D analyses confirmed the findings observed with global LV measures. Compared with males, females had smaller ventricles and increased concentric remodeling with increasing mass. The distribution of increased concentric remodeling was not uniform and localized at the basal and midventricular myocardium (79% of the ventricular surface; Figure 3 ). Females had relatively higher wall stress compared with males (mean difference: 170 mm Hg [22.6 kPa], P<0.0001), predominantly at the basal anterior walls and septum; and corresponded to similar regions of increased concentric remodeling (Figure 3 ).
Discussion
In the general population, increasing LV mass is positively associated with concentricity, but to a greater extent in females that is mediated by increased wall thickness and smaller LV volumes than males. Despite more favorable profiles of smaller hearts, lower SBP, and higher LV function, females have higher regional myocardial wall stress that corresponded to regions of increased concentric remodeling; Figure 1 . Association between LV geometry, function, and mass. There was a positive association between concentricity (A), wall thickness (B), and cardiac volumes (C) with LV mass in both sexes. In females, an increase in LV mass was associated with a steeper increase in concentric remodeling (mediated by relative increased wall thickness and smaller LV volumes) compared with males. With increasing mass, there was a reduction in LV ejection fraction (D), and global myocardial strain (E and F) in both sexes, with higher LV function in females. All analyses were adjusted for the effects of age, systolic blood pressure, and body size. EDV indicates end diastolic volumes; LV, left ventricular. and elevated ECV that has been associated with diffuse myocardial fibrosis.
In pressure and volume overloaded conditions, females develop more concentric remodeling and preserved LV function compared with males. [3] [4] [5] 13, 14 Our study extends previous findings to the general population and reports that the increased concentric remodeling in females is mediated by increased wall thickness and smaller ventricles. These smaller ventricles may partially explain the higher LV function in females compared with males, at a given LV mass. 15 LV function is reduced progressively with increasing mass in both sexes that could be the response to elevated wall stress. Consistent with previous studies, we have shown that females have an expanded interstitium assessed using several T1 measures (ECV, native T1, and interstitial: myocyte ratio) that may represent a fundamental physiological sex-related difference in myocardial composition and pathological expansion from myocardial fibrosis, thereby conferring an increased risk in females. [16] [17] [18] Myocardial contraction combined with elastance (stiffness) mediate wall stress, resulting in either concentric or eccentric remodeling. Therefore, a knowledge of wall stress will provide valuable mechanistic insights in the different cardiovascular conditions. Assessing myocardial wall stress is challenging because it is heterogeneous across the LV; and robust methodologies of estimating regional wall stress are lacking. Using atlas-based models, assessment of regional wall stress in large imaging data sets has recently been demonstrated. 7 This approach is less dependent on any geometric assumptions as computation is performed across %40 000 vertices in the entire LV.
For the first time, we demonstrated that females have paradoxically higher regional wall stress despite smaller hearts compared with males. One of the possible reasons is the greater LV elastance (stiffness) in females, 19 which can be partly explained by the increased interstitial volumes relative to myocyte volumes as demonstrated in our study. As a consequence, females are more susceptible to further increase in LV pressures. This may account for their greater predisposition to complications such as heart failure with preserved ejection fraction. 20 The higher regional wall stress at the anterior walls and septum observed in females may suggest a mechanism for asymmetric basal septal hypertrophy commonly seen in elderly females with hypertension. 21 Our findings have important clinical implications, particularly in Asians because of the smaller LV mass and volumes compared with other ethnicities.
Study Limitations
The cross-sectional study cannot determine the causal relationships between wall stress and adverse features of cardiac remodeling. We used the Laplacian model of wall stress that assumed uniform mechanical properties of the myocardium.
Conclusions
We have demonstrated the role of atlas-based models in assessing regional wall stress in large imaging data sets. Females have smaller hearts, higher regional wall stress, and increased concentric remodeling. These findings may explain why females are predisposed to cardiovascular complications, particularly when LV pressures are increased. Figure 3 . Regional concentric remodeling and wall stress. Compared with males, females had regions of higher wall stress at the anterior walls and septum, corresponding to similar regions of increased concentric remodeling. All analyses were adjusted for the same potential confounders as global LV measures. LV indicates left ventricular.
